Introduction
A nucleosome core particle-the basic building block of chromatin-consists of 147 base pairs of DNA wrapped around a histone octamer that contains an H3-H4 tetramer and two H2A-H2B dimers (Davey et al., 2002; Luger, 2003; Luger et al., 1997) . A linear array of nucleosomes connected by linker DNA is further folded to form dynamic higher-order structures of chromatin (Luger and Hansen, 2005) . Posttranslational modifications of histone tails regulate transcription and other chromatin-templated processes by altering chromatin structure locally and through recruitment of effectors containing protein modules that bind to modified histone tails (Jenuwein and Allis, 2001 ). Lysine acetylation is the best-characterized histone modification, which is generally associated with transcriptional activation and is dynamically regulated by histone acetyltransferases (HATs) and deacetylases (HDACs) (Jenuwein and Allis, 2001) . Histone lysine methylation mediated by multiple classes of methyl transferases has emerged as another important mechanism that regulates chromatin structure and function (Martin and Zhang, 2005) . Unlike acetylation, histone lysine methylation can either activate or repress transcription, depending on the location and degree (mono-, di-, and trimethylation) of these modifications (Martin and Zhang, 2005) . Two classes of histone demethylases that remove methyl groups from lysines have recently been discovered (Klose et al., 2006; Shi et al., 2004; Tsukada et al., 2006; Whetstine et al., 2006; Yamane et al., 2006) , establishing the dynamic nature of histone methylation.
Lysine-specific demethylase 1 (LSD1; also known as BHC110 and AOF2) is a flavin adenine dinucleotide (FAD)-dependent amine oxidase that removes methyl groups from mono-or dimethylated histone H3 lysine 4 (H3-K4) (Forneris et al., 2005b; Shi et al., 2004) ( Figure 1A ). LSD1 does not demethylate trimethylated H3-K4, due to the inherent limitations of the chemistry that it uses to catalyze the demethylation reaction (Shi et al., 2004) . Methylation of H3-K4 is generally associated with active transcription (Bernstein et al., 2005; SantosRosa et al., 2002) . Consistently, LSD1 is a component of various transcriptional corepressor complexes that often also contain HDAC1/2 and CoREST (Hakimi et al., 2003; Humphrey et al., 2001; Shi et al., 2003; You et al., 2001) . Though LSD1 alone can demethylate H3-K4 in peptides or bulk histones, only the LSD1-CoREST complex is capable of demethylating H3-K4 within nucleosomes (Lee et al., 2005; Shi et al., 2005; Wysocka et al., 2005) . The mechanism by which CoREST stimulates the demethylation of nucleosomes by LSD1 has not been established.
LSD1 consists of an N-terminal SWIRM (Swi3p, Rsc8p, and Moira) domain and a C-terminal amine oxidase domain (AOD) that is separated into two halves (AOD_N and AOD_C) by a 92 residue insert ( Figure 1B ). CoREST consists of an ELM2 (Egl-27 and MTA1 homology 2) domain and two SANT (SWI-SNF, ADA, N-CoR, and TFIIIB) domains. A truncation mutant of LSD1 lacking its N-terminal 184 residues retained full demethylase activity against methylated H3-K4 peptide substrates (Forneris et al., 2005a) . A C-terminal fragment of CoREST (CoREST-C, residues 293-482) containing SANT2 and the linker between the two SANT domains efficiently stimulated the demethylase activity of LSD1 toward nucleosomes (Shi et al., 2005) . Here, we report the crystal structure of human LSD1 in complex with an LSD1-stimulatory domain of human CoREST. Using nuclear magnetic resonance (NMR) spectroscopy, we also show that the CoREST SANT2 domain binds to DNA. Mutagenesis studies show that DNA binding by CoREST SANT2 is crucial for the demethylation of H3-K4 within nucleosomes by LSD1-CoREST-C. The shape and dimension of LSD1-CoREST match those of nucleosomes and readily suggest a mechanism by which DNA binding of CoREST facilitates the histone demethylation of nucleosomes by LSD1.
Results and Discussion
Structure Determination and Overview of LSD1-CoREST Human LSD1DN (residues 171-852) and CoREST-C (residues 286-482) proteins were expressed and purified *Correspondence: hongtao.yu@utsouthwestern.edu from bacteria and mixed to form the LSD1DN-CoREST-C complex (hereafter referred to as LSD1-CoREST for simplicity) that was active in demethylating nucleosomes (data not shown). The LSD1-CoREST complex was then crystallized in the presence of the dimethylated K4 N-terminal 21 residue peptide of histone H3 (diMeK4H3-21). The crystal structure of LSD1-CoREST was determined by single-wavelength anomalous dispersion and molecular replacement (Table 1) .
The two halves of LSD1 AOD form one globular domain that consists of two lobes: the substrate binding lobe and the FAD binding lobe ( Figures 1C and 2A) . The active site of AOD is located at the interface of the two lobes. The SWIRM domain packs against the FAD binding lobe of AOD. The LSD1 insert consists of two long helices (Ia1 and Ia2) that pack against each other in an antiparallel orientation, forming a long stalk that projects away from AOD. The linker of CoREST folds into two helices (La1 and La2) that are arranged in a configuration reminiscent of the letter ''L.'' The short La1 helix of this L shaped linker packs against the substrate binding lobe of AOD, whereas the long La2 helix forms a parallel coiled coil with Ia1 of LSD1. The SANT2 domain of CoREST connects to La2 through a flexible loop and a 3 10 helix and lies at the tip of the stalk formed by the LSD1 insert and La2 of CoREST. Thus, LSD1-CoREST forms an elongated structure of about 150 Å in length that consists of three parts: the base that contains the SWIRM and AOD domains of LSD1, the stalk that is formed by the LSD1 insert and the CoREST linker, and the head that contains the SANT2 domain of CoREST.
The AOD of LSD1 and Its Active Site The catalytic domain of LSD1 is closely related to classical FAD-dependent amine oxidases (Holbert and Marmorstein, 2005; Shi et al., 2004) . Indeed, LSD1 AOD is structurally highly similar to maize polyamine oxidase (mPAO) (Binda et al., 2001; Binda et al., 1999) (Figures  2A and 2B) . The root-mean-square deviation (rmsd) between their Ca traces is 2.8 Å . A nomenclature similar to mPAO is adopted to describe the secondary structural elements of LSD1 (Figures S1 and S2 in the Supplemental Data available with this article online). The substrate binding lobe of LSD1 comprises a six-stranded b sheet and five a helices (Figure 2A ). The insert of LSD1 is located between Sa2 and Sa3. The FAD binding lobe of LSD1 has an expanded Rossmann fold commonly found in dinucleotide binding modules. FAD is deeply buried in the core of the protein. The isoalloxazine ring of FADand hence the active site of LSD1-is located at the interface between the two lobes of AOD (Figure 2A) . It shows the same characteristic distortions that have been observed in mPAO ( Figure 2C ) (Binda et al., 1999) . In mPAO, the N5 atom of FAD that is reduced during the oxidation of the substrate methyl groups forms a hydrogen bond with a water molecule that is in turn positioned by K300 ( Figure 2C ). K300 has been shown to be critical for the reduction of FAD (Polticelli et al., 2005) . K661 in LSD1 may play a similar role. F403 and Y439 in mPAO form a so-called ''aromatic sandwich'' in mPAO that positions substrates near the isoalloxazine ring of FAD ( Figure 2C ) (Binda et al., 1999 (Binda et al., , 2001 . This aromatic sandwich is not conserved in LSD1, with T810 of LSD1 occupying the position of Y439 in mPAO.
Residues that line the rims of the active sites of LSD1 and mPAO are among the least conserved between the two proteins ( Figure S1 ). Consequently, the structural elements in these regions show several important differences, including different orientations of the Sa1 helices and shortening of Fa3 in LSD1 (Figures 2A and 2B) . As a result, the active site of LSD1 has one large opening, which accommodates peptide substrates that contain side chains and are larger than polyamines ( Figure 2D ). In contrast, the active site of mPAO is ideal for binding long, linear polyamines and consists of a long tunnel with two surface openings that are divided by Fa3 (Figures 2B and 2E) (Binda et al., 1999) . In addition, unlike mPAO, the active site in LSD1 does not contain a long tunnel that would allow peptide substrate to thread through its interior. Despite the lack of sequence conservation, the rims of the active sites of mPAO and LSD1 are both lined with multiple, negatively charged residues (Figures 2D and 2E) . As the substrates of mPAO and LSD1 are positively charged, the highly negative electrostatic potential of the rims of both enzymes is expected to guide substrates into their active sites.
While this manuscript was under review, the structure of human LSD1 in the absence of CoREST was reported (Stavropoulos et al., 2006) . The structures of the free and CoREST bound LSD1 are virtually identical, with only a small difference in the orientations of Ia1 and Ia2 relative to the AOD. The structure of JMJD2, a JmjC-domain-containing histone demethylase, was also recently determined . Though LSD1 cannot demethylate trimethylated lysines due to the inherent limitations of its chemical mechanism, it is capable of binding to an H3 peptide that contains trimethylated K4, suggesting that the active site of LSD1 cannot sterically discriminate between mono/dimethylated and trimethylated H3 peptides (Stavropoulos et al., 2006 ). In contrast, JMJD2 selectively demethylates trimethylated H3-K9 and H3-K36 and possesses a binding pocket specific for the recognition of trimethylated lysines . 
, where the outer sum (h) is over the unique reflections, and the inner sum (i) is over the set of independent observations of each unique reflection.
Substrate Binding by LSD1 LSD1-CoREST was cocrystallized with a peptide that contains the N-terminal 21 residues of H3 with dimethylated K4. However, there was no interpretable electron density corresponding to the peptide. Because LSD1 specifically demethylates H3-K4 in vitro, the N-terminal region of the H3 peptide is expected to bind at the active site. A deep, negatively charged pocket formed by residues N540, W552, D553, D555, D556, P808, and A809 lies in the vicinity of the FAD ( Figures 3A and 3B ). Mutations of two residues within this pocket, D555 and D556, to alanines abrogate the histone demethylase activity of LSD1 toward the diMeK4H3-21 peptide substrate (data not shown). We propose that this pocket is the binding site for the positively charged N-terminal amino group of H3-A1 and the side chain of H3-R2. Binding of the N terminus of the peptide into this pocket would place the side chain of H3-K4 in the vicinity of FAD, in agreement with the substrate specificity of LSD1 toward H3-K4. Prior biochemical studies have shown that LSD1 recognizes an unusually large, 21 residue segment of the histone H3 tail (Forneris et al., 2005a) . The active site of LSD1 itself is not large enough to accommodate a 21 residue peptide. However, adjacent to the active site, there is a conspicuous surface groove formed by the interface between the AOD and SWIRM domains of LSD1 ( Figure 3B ). It is very likely that the C-terminal region of the H3 tail binds at this groove. Indeed, the N-terminal 21 residues of the H3 tail can be easily docked into the active site and the AOD-SWIRM surface groove of LSD1 without creating steric clashes (Figure 3B) . In this docking model, the N-terminal 12 residues of diMeK4H3-21 bind at the active site of LSD1 whereas the rest of the peptide is located in the AOD-SWIRM groove ( Figure 3B ). This model also puts H3-S10 in close proximity to E559 of LSD1, providing a possible explanation for the reported observation that phosphorylation at S10 reduces the affinity of LSD1 toward the H3 peptide (Forneris et al., 2005a) .
The SWIRM Domain of LSD1
The structure of the SWIRM domain in the presence of LSD1 AOD is almost identical to the recently reported solution structure of the SWIRM domain from human LSD1 in isolation and is highly similar to the structures of the SWIRM domains of Ada2a and Swi3 (Da et al., 2006; Qian et al., 2005; Tochio et al., 2006) . The SWIRM domain of LSD1 consists of six a helices and a 3 10 helix and packs against the FAD binding lobe of LSD1 AOD ( Figure 3C and Figure S2 ). The SWIRM domains of Ada2a and Swi3 bind to DNA, with several residues in and around the C-terminal helix (a6 in LSD1 SWIRM) required for DNA binding (Da et al., 2006; Qian et al., 2005) . Residues implicated in DNA binding in the SWIRM domains of Ada2a and Swi3 are poorly conserved in LSD1 SWIRM. Furthermore, the C-terminal region of LSD1 AOD partially blocks the putative DNA binding surface of a6 of LSD1 SWIRM ( Figure 3C ). Thus, LSD1 SWIRM is unlikely to bind to DNA in a similar manner as the SWIRM domains of Ada2a and Swi3. Indeed, we have failed to detect binding between LSD1 SWIRM and short, synthetic duplex DNA oligonucleotides by using NMR spectroscopy (data not shown). Instead, the majority of residues conserved among the SWIRM domains of the LSD1 orthologs are located at the interface between AOD and SWIRM ( Figure 3C ), suggesting that SWIRM helps to maintain the structural integrity of LSD1 AOD.
As discussed above, LSD1 recognizes an unusually large segment of the histone H3 tail (Forneris et al., 2005a) . In addition to the expected interactions between the N-terminal segment of the H3 peptide and the active site of LSD1, the C-terminal portion of the H3 tail may fit into a groove formed between the SWIRM domain and the AOD of LSD1 ( Figures 3B) . Therefore, the SWIRM domain of LSD1 may also contribute to the binding of the H3 tail by forming one wall of the binding groove for the C-terminal segment of the H3 tail (Figures 3B). Consistently, mutations of residues that lie in this groove at the AOD-SWIRM interface abrogated the demethylase activity of LSD1 (Stavropoulos et al., 2006) . We emphasize that the H3 tail is likely to bind at the interface between the SWIRM and AOD domains of LSD1. The SWIRM domain alone is unlikely to be sufficient for binding to the H3 tail. Consistently, Tochio et al. failed to detect binding between SWIRM and an H3 tail peptide in solution by NMR (Tochio et al., 2006) .
Binding between LSD1 and CoREST
CoREST wraps around the stalk formed by the insert of LSD1, creating three major interfaces (Figure 4) . Interface I constitutes CoREST La1, the loop preceding CoREST La1, LSD1 Sa1, and LSD1 Sa2 ( Figure 4B) . The interactions at this interface are largely hydrophobic in nature. The second interface consists of LSD1 Ia1, LSD1 Ia2, CoREST La2, and the loop that follows CoREST La2 ( Figure 4C ). In addition to hydrophobic interactions between CoREST La2 and LSD1 Ia1, several ionic interactions exist between La2 and Ia2. The third interface is between LSD1 Ia2 and CoREST SANT2 ( Figure 4D ). Because the linker between the two SANT domains of CoREST is sufficient for LSD1 binding (Shi et al., 2005) , the interactions at interface III might not be essential for binding between LSD1 and CoREST. Instead, they may serve to position CoREST SANT2 for its interactions with nucleosomes or other effectors. In addition to stimulating the demethylation of nucleosomes by LSD1, CoREST is also required for the stability of LSD1 in vivo (Shi et al., 2005) . It is apparent from the structure that CoREST binding serves to stabilize the helical conformation of the LSD1 insert.
DNA Binding by the SANT2 Domain of CoREST
A C-terminal CoREST fragment containing the linker and SANT2 is sufficient to stimulate LSD1-dependent demethylation of nucleosomal substrates (Shi et al., 2005 ) (see Figure 6 below). Though the CoREST linker alone is capable of binding to LSD1, it is insufficient to stimulate the activity of LSD1 toward nucleosomes (Shi et al., 2005) . Thus, CoREST SANT2 is critical for facilitating LSD1-mediated demethylation of nucleosomes. There are conflicting data with respect to the function of CoREST SANT1 in the stimulation of LSD1. Lee et al. showed that CoREST fragments containing either SANT1 or SANT2 are sufficient for stimulating LSD1-dependent demethylation of nucleosomes (Lee et al., 2005) . In contrast, Shi et al. showed that CoREST fragments containing SANT1 are insufficient to stimulate LSD1, suggesting a strict requirement of CoREST SANT2 in this process (Shi et al., 2005) .
The SANT domain is present in subunits of many chromatin-remodeling complexes (Aasland et al., 1996; Boyer et al., 2004) . The SANT domains of Myb-related proteins interact with DNA, whereas the SANT domains in Ada2, SMRT, and c-Myb bind to histone tails (Boyer et al., 2002; Mo et al., 2005; Tahirov et al., 2002; Yu et al., 2003) . It has been suggested that CoREST SANT domains might facilitate LSD1-mediated demethylation of nucleosomes by binding to histone tails (Lee et al., 2005; Shi et al., 2005) . Surprisingly, using isothermal titration calorimetry (ITC) and NMR, we were unable to detect binding between CoREST SANT2 and synthetic peptides corresponding to the N-terminal tails of histone H3 (residues 1-37), H2A (1-20), H2B (1-25), and H4 (1-25) and the C-terminal tail of H2A (110-129) ( Figure S3 and data not shown). Apparently, CoREST SANT2 does not bind to isolated, unmodified histone tails.
Unlike the canonical SANT domain that consists of three a helices, CoREST SANT2 consists of four a helices with a1-3 adopting a fold highly similar to the SANT2 domain of v-Myb ( Figures 5A and 5B) (Tahirov et al., 2002) . The rmsd between the Ca traces of the SANT2 domains of CoREST and v-Myb is 1.2 Å . The DNA binding residues in v-Myb are largely conserved in CoREST SANT2. Furthermore, the molecular surface around the putative DNA binding a3 helix of CoREST SANT2 is positively charged ( Figure 5C ). We thus tested whether CoREST SANT2 interacts with DNA by NMR spectroscopy. Titration of a double-stranded DNA oligonucleotide into 15 N-labeled CoREST SANT2 perturbed the chemical shifts of a subset of residues in the 2D 1 H-15 N HSQC spectra of CoREST SANT2 ( Figure 5D ). The dissociation constant (K d ) of SANT2-DNA was determined to be 84 mM ( Figure S4A ). The lack of sequential assignment prevented unequivocal mapping of the DNA binding surface of CoREST SANT2. However, the chemical shifts of a tryptophan N3H and the side chain amide group of an asparagine or glutamine were perturbed upon DNA binding ( Figure 5D ). Consistently, W383 and N419 of CoREST SANT2 contact DNA in the model for the CoREST SANT2-DNA interaction ( Figure 5B ). Thus, CoREST SANT2 likely binds to DNA in a mode similar to v-Myb, with a3 inserting into the major groove of DNA. To further test this notion, we mutated several residues in and around a3 of CoREST SANT2 and tested the ability of these mutants to interact with DNA by NMR. None of the HSQC peaks of the K418E, N419D, R426E, and R426A/R427A mutants of CoREST SANT2 were shifted upon the addition of DNA, indicating that they all failed to bind to DNA ( Figure 5E and Figure S4 ). Importantly, these mutants were properly folded as revealed by the wide dispersion of their HSQC peaks.
Demethylation of Nucleosomal Substrates by LSD1-CoREST
To directly test whether DNA binding by CoREST SANT2 contributes to the ability of CoREST-C to facilitate nucleosomal demethylation by LSD1, we performed demethylation assays with increasing doses of LSD1 alone or LSD1 in the presence of CoREST-C wt or the DNA binding mutants CoREST-C K418E and CoREST-C N419D by using bulk histones or nucleosomes as the substrates (Figure 6 ). Consistent with previous reports (Lee et al., 2005; Shi et al., 2005) , LSD1 alone efficiently demethylates bulk histone substrates, but not nucleosomal substrates ( Figure 6A ). LSD1-CoREST-C wt mediates efficient demethylation of nucleosomes ( Figures 6A and  6C ). LSD1-CoREST-C K418E and LSD1-CoREST-C N419D are about 5-fold less efficient in mediating the demethylation of nucleosomes as compared to LSD1-CoREST-C wt ( Figures 6A and 6C) . Importantly, LSD1-CoREST-C K418E and LSD1-CoREST-C N419D demethylate H3-K4 of bulk histones as efficiently as LSD1-CoREST-C wt ( Figure 6A ). These data indicate that the DNA binding activity of CoREST SANT2 is critical for nucleosome demethylation by LSD1-CoREST-C. On the other hand, LSD1-CoREST-C K418E and LSD1-CoREST-C N419D still had residual activity toward nucleosomes, suggesting that CoREST might stimulate LSD1 through additional mechanisms.
CoREST SANT2 is critical for stimulating LSD1-mediated demethylation of H3-K4 in intact nucleosomes, but it is located 100 Å away from the active site of LSD1. LSD1 binds to the unmodified or modified H3 tail with a dissociation constant in the micromolar range (Forneris et al., 2005a) . We have shown that CoREST SANT2 binds to DNA with weak affinity, which is critical for the ability of CoREST to stimulate the activity of LSD1 toward nucleosomes. The LSD1-CoREST complex binds to mononucleosomes with higher affinity than either protein alone (Lee et al., 2005) . These findings suggest that LSD1-CoREST binds to nucleosomes through multivalent interactions. Furthermore, CoREST SANT1 shares high sequence similarity with SANT2 and may also bind to DNA. The combination of the LSD1-H3 tail and SANT-DNA interactions with individual dissociation constants between 1 and 100 mM can yield tight binding between LSD1-CoREST and nucleosomes with a dissociation constant in the nanomolar range. Therefore, one mechanism by which CoREST facilitates the activity of LSD1 toward nucleosomes is to enhance the binding of LSD1 to nucleosomes by providing additional interactions with nucleosomal DNA.
The shape and dimension of LSD1-CoREST readily suggest a model for binding nucleosomes. We docked the structure of LSD1-CoREST to that of a mononucleosome with the structural restraints that one H3 tail binds to the active site of LSD1 and that a3 of CoREST SANT2 inserts into a DNA major groove (Figure 7) . A nucleosome consists of about 1.7 turns of DNA wrapped around the histone octamer in a left-handed superhelical arrangement (Davey et al., 2002) . The H3 tails are nestled in the channels formed by the DNA minor grooves at superhelical locations (SHL) 66.7 and 60.7. Reasonable structural models can be obtained if a3 of SANT2 is placed to bind to the major grooves at SHL 64.5 (Figure 7) or SHL 61.5 (data not shown). The placement of SANT2 at SHL 64.5 is more attractive, as this binding mode allows two copies of LSD1-CoREST to bind to both H3 tails concurrently by using similar sets of molecular contacts, due to the pseudo-2-fold symmetry of the mononucleosome.
Conclusions LSD1-CoREST removes methyl groups from mono-and dimethylated H3-K4 in nucleosomes. It forms an elongated structure with a long stalk connecting two nucleosome binding modules. At the base of the stalk, the histone H3 tail binds to the active site of LSD1 and possibly to a groove at the AOD-SWIRM interface. At the tip of the stalk, the SANT2 domain of CoREST binds to DNA, which is required for the efficient demethylation of nucleosomes by LSD1-CoREST. These findings suggest that LSD1-CoREST is correctly positioned on nucleosomes and possibly chromatin through multiple, weak interactions that are spatially separated. Many chromatinremodeling complexes contain multiple nucleosome binding modules. For example, the structure and domain organization of CoREST are strikingly similar to those of the C-terminal region of the ISWI chromatin-remodeling factor (Grune et al., 2003) . Thus, the principle of multivalent binding is most likely applicable to other chromatinmodifying enzymes. and the variant containing the K661R mutation were expressed in E. coli as glutathione S-transferase (GST) fusion proteins. GST-LSD1DN proteins were purified from bacterial lysates by glutathione-Sepharose resin. After protease digestion to remove GST, LSD1DN proteins were further purified by ion-exchange chromatography. CoREST-C (286-482) was expressed with an N-terminal His 6 -tag and purified with Ni 2+ resin followed by ion-exchange chromatography. The seleno-methionine derivatives of LSD1DN and CoREST-C proteins were purified similarly. LSD1DN proteins were then mixed with CoREST-C. The resulting complex was purified by gel filtration chromatography and concentrated to about 10 mg/ml in a buffer containing 25 mM HEPES (pH 7.4), 200 mM NaCl, 1 mM PMSF, and 5 mM DTT.
Experimental Procedures Protein Expression and Purification
Crystallization, Data Collection, and Structure Determination Crystals were grown at 20 C using the vapor diffusion method in sitting drop mode by mixing 0.8 ml protein with 0.8 ml reservoir solution (0.8 M lithium sulfate, 0.8 M ammonium sulfate, 0.4 M sodium chloride, 0.1 M sodium citrate (pH 5.6), and 10 mM DTT) and equilibrating against 100 ml of reservoir solution. Crystals appeared within 12 hr and matured in about 10 days. The crystals were incubated with reservoir solution supplemented with 23% (v/v) glycerol and 1.0 mM diMeK4H3-21 and then flash-cooled in liquid propane. Crystals exhibit the symmetry of space group I222 with cell dimensions of a = 120 Å , b = 179 Å , and c = 235 Å and contain one complex per asymmetric unit and 82% solvent.
Diffraction data were collected at beamline 19-ID (SBC-CAT) at the Advanced Photon Source (Argonne National Laboratory, Argonne, Illinois, USA) and processed with HKL2000 (Otwinowski and Minor, 1997) . Both native and selenomethionine-derivatized (SeMet) crystals showed significant anisotropy, with diffraction to a Bragg spacing (d min ) of about 2.5 Å along the b and c axes but only to about 3.1 Å along the a axis, resulting in somewhat lower completeness at the high-resolution limit.
Phases for the SeMet variant were obtained from a single anomalous dispersion (SAD) experiment. Using data to 4.0 Å , 15 selenium sites were located with a combination of the programs SHELXC, SHELXD, and SHELXE (Schneider and Sheldrick, 2002; Sheldrick, 2002) . Phases were refined by using all data to 2.86 Å with the program MLPHARE (Otwinowski, 1991) , resulting in an overall figure of merit of 0.23. Phases were further improved by density modification with histogram matching in the program DM (Cowtan and Main, 1998) , resulting in a final overall figure of merit of 0.79.
The resulting electron density map was of sufficient quality to automatically construct an initial model with the program ARP/wARP (Perrakis et al., 1999) . This model was used as a starting model for the refinement of the native complex using the program REFMAC5 (Murshudov et al., 1997 ) from the CCP4 package (CCP4, 1994), interspersed with manual rebuilding using the program Coot (Emsley and Cowtan, 2004) (Table S1 ). around the vertical axis followed by a 90 rotation around the horizontal axis. The histone octamer is not shown for clarity. 1/2 and plotted against the molar ratio of DNA/SANT2. The final data were fitted to standard ligand binding curves by using SigmaPlot. The dissociation constant (K d ) with standard deviations was calculated by using the chemical shift changes from four SANT2 residues. The histone tail peptides were chemically synthesized and added to samples of 159 mM 15 N-labeled CoREST SANT2 at a peptide/SANT2 molar ratio of 1.5. HSQC spectra were acquired before and after the addition of each peptide.
NMR Spectroscopy

Histone Demethylation Assays
The full-length His 6 -LSD1 was purified from Sf9 cells by using a combination of Ni 2+ -Sepharose (Amersham) affinity chromatography and ion-exchange chromatography (Resource Q, Amersham). His 6 -LSD1 was then incubated with purified CoREST-C wt , CoREST-C K418E , or CoREST-C N419D proteins in a buffer containing 50 mM Tris-HCl (pH 8.0), 50 mM KCl, and 2 mM DTT for 30 min on ice. Stoichiometric amounts of LSD1 and CoREST-C were confirmed by Coomassie blue staining. Nucleosomes were purified essentially as described (Utley et al., 1996) except that separation of nucleosomes from histone H1 was performed by using a 120 ml Sepharose CL-6B column (Amersham) instead of glycerol gradient centrifugation.
Demethylation of bulk histones or mono/dinucleosomes was performed by incubating varying amounts of LSD1 or LSD1-CoREST-C complexes with either 10 mg of calf thymus bulk histones (Sigma) or 3 mg of mono/dinucleosomes prepared from HeLa S3 cells in a buffer containing 50 mM Tris-HCl (pH 8.5), 5% glycerol, 2 mM DTT, and 0.1 mg/ml GST (as a carrier protein) in a total volume of 50 ml for 1 hr at 37 C. Reactions were stopped with 10 ml of 63 SDS sample buffer, boiled, separated on 16% SDS-PAGE, and blotted with a-H3K4Me 2 (Upstate, 07-030). The same membrane was then stripped and reprobed with a-histone H3 (Abcam, ab1791) as a substrate loading control.
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